Low temperatures at the initial stages of rice development prevent fast germination and seedling establishment and may cause significant productivity losses. In order to develop rice cultivars exhibiting cold tolerance, it is necessary to investigate genetic resources, providing basic knowledge to allow the introduction of genes involved in low temperature germination ability from accessions into elite cultivars. Japanese rice accessions were evaluated at the germination under two conditions: 13°C for 28 days (cold stress) and 28°C for seven days (optimal temperature). The traits studied were coleoptile and radicle length under optimal temperature, coleoptile and radicle length under cold and percentage of the reduction in coleptile and radicle length due to low temperature. Among the accessions studied, genetic variation for traits related to germination under low temperatures was observed and accessions exhibiting adequate performance for all investigated traits were identified. The use of multivariate analysis allowed the identification of the genotypes displaying cold tolerance by smaller reductions in coleoptile and radicle lenght in the presence of cold and high vigour, by higher coleoptile and radicle growth under cold.
Introduction
Oryza sativa is a worldwide spread crop, being cultivated in tropical, subtropical and temperate areas, as well as at high and low altitude regions. Temperatures lower than the optimal for rice cultivation occur in several regions during one or more growing stages and may cause significant productivity losses. Low temperatures during rice growing season constitute a serious problem in countries such as Australia, China, Indonesia, Japan, South Korea, Nepal, the United States (Yoshida 1981) and Southern Latin America, mainly Chile (Castillo and Alvarado 2002) and Brazil (Cruz and Milach 2004) .
Intraspecific genetic variation to cold tolerance has been identified in rice. Japonica cultivars are, in general, more tolerant than those from the indica group (Andaya and Mackil 2003) . Generally, tropical japonica genotypes show characteristics intermediate between indica and temperate japonica cultivars, however, no significant differences in cold tolerance are observed between tropical and temperate japonica groups. Although tropical japonica cultivars are adapted to tropical regions, they exhibit traits of low temperature adaptation as those found in temperate japonica cultivars (Mackill and Lei 1997) . Low temperature adaptation is a trait under strong selective pressure for rice grown under temperate climates, mainly in the northeast of Asia (China, Korea and Japan). Japonica cultivars grown in high altitudes in Southeastern Asia may have also acquired the traits underlying low temperature adaptation. Genetic variation for cold tolerance is associated to the genotype geographical distribution, indicating that the genetic differentiation for cold tolerance is the result of local adaptation (Baruah et al. 2009, Mackill and Lei 1997) .
Due to the negative effects of low temperature on rice growth, cold tolerance is an important feature for both, temperate and high altitude, regions. In rice breeding programs, cold tolerance is mainly evaluated at germination, seedling and reproductive stages. In early developmental stages, low temperatures can impair and delay germination, as well as have negative impacts on seedling growth, causing poor stand establishment and non-uniform crop maturation.
Genetic variability for cold tolerance at the initial development stages in rice has been reported for some cultivars, mainly from the japonica subspecies (Sthapit and Witcombre 1998) . High variability for germination under low temperatures has been observed in more than 700 varieties from Japan, Europe, China, Russia and other regions (Kotaka and Abe 1988) . It has also been reported that cultivars originated from high latitudes germinate faster than those from low latitudes (Takahashi 1997) and that cultivars native from Hokkaido, Japan and South Korea show high germination rates under low temperatures, such as 8°C, whereas indica cultivars exhibit lower germination frequencies under cold stress (Takahashi 1997) .
In order to develop rice cultivars exhibiting adequate seedling establishment under low temperatures, it is necessary to investigate genetic resources originated from various regions of the world, providing basic knowledge to allow the introduction of genes involved in low temperature germination ability from landraces and traditional varieties into elite cultivars (Miura et al. 2001) .
Due to the difficulties in field selection for cold tolerance, it is necessary to develop strategies for controlled condition experiments to phenotype the material. Tests based on seedling length performed under controlled conditions are adequate indicators of field performance for the number of days to emergence, emergence percentage and emergence index (Jones and Peterson 1976) , whereas coleoptile length is well-correlated to low temperature seedling establishment under field conditions (Ogiwara and Terashima 2001) .
Phenotyping methods for cold tolerance at the germination stage under controlled conditions were developed and have allowed the characterization of tolerant and susceptible plant genotypes (Cruz and Milach 2004, Jones and Peterson 1976) . These methods consist in evaluating traits such as germination index, radicle and coleoptile length in seedlings germinated under low temperatures. The approach has been used in studies for cold tolerance inheritance , Sharifi 2008 , Sthapit and Witcombre 1998 , QTL mapping (Fujino et al. 2004 , Miura et al. 2001 ) and characterization and selection of cold tolerance gene sources in germplasm banks (Castillo and Alvarado 2002 , Sharifi 2010 , Sharifi and Aminpanah 2010 .
The rice germplasm bank at the Genetics Department of ESALQ/USP has approximately 450 cultivated rice accessions, being 192 from Japanese sources and introduced in Brazil by Dr. Akihiko Ando. High germinability under low temperatures in rice seeds from various regions of Japan has been reported (Takahashi 1997) , suggesting that, among the Japanese accessions maintained by the germplam bank at ESALQ cold tolerance sources for breeding programs are likely to be present. Thus, the current work aimed to evaluate the cold tolerance of the Japanese rice accessions at the germination stage and to study cold tolerance-related traits to establish selection criteria using multivariate analyses.
Materials and Methods

Plant material
A total of 195 rice genotypes were investigated in this study; 192 Japanese accessions of unknown response to cold at germination (Table 1 ) and three cold tolerant control genotypes (CT 6748-8CA-17P, L 201 e QUILLA 66304). For each genotype, seeds harvested in the same cropping season were selected based on size uniformity and absence of spots. After harvesting, seeds were stored at 15°C and relative humidity of 40% for 6 months before being used in the germination study.
Cold tolerance evaluation
For cold tolerance evaluation, seeds of 195 rice genotypes were germinated under two conditions: 13°C for 28 days (cold) and 28°C for seven days (control), as described by Cruz and Milach (2004) with slight modifications. Seeds of each genotype were sown in wet rolled paper towels (Germitest) moist with a water volume equivalent to 2.5 times the weight of the paper. Paper rolls containing the seeds were placed into perforated plastic transparent bags (thickness of 0.05 mm) and transferred to a BOD germinator regulated to 28°C for the control and 13°C for the cold treatment.
The experiment was conducted in a randomized block design with three replicates. Each paper roll contained 20 seeds and the mean value of the investigated trait for the 20 seeds was considered one replicate. The measured parameters were coleoptile (CL 13) and radicle length (RL 13) at 28 days from the beginning of the experiment for seeds germinated at 13°C and at the seventh day for the seeds germinated at 28°C.
The percentage of the reduction in coleptile (RCL) and radicle (RRL) length due to low temperatures was evaluated according to Cruz and Milach (2004) , comparing the lengths of the seedlings germinated under 13°C and 28°C.
RCL or RRL = [(CL or RL under 13°C temperature × 100)/CL or RL under control] − 100, where coleoptile length is the mean of 20 seedlings evaluated per replicate per genotype.
Statistical analyses
The residual analysis was carried out to verify normality and variance homogeneity, while regression analysis was used to test whether data transformation was necessary. The regression analysis demonstrated the necessity of RCL and RRL data transformation to arcsin [square root (×/100)]. Data for the remaining evaluated traits were not transformed. Data were submitted to analyses of variance and mean comparison by the Scott-Knott test (P = 0.01).
Estimates of phenotypic variance (σ p 2 ), environmental variance (σ e 2 ), genotypic variance (σ g 2 ), broad sense heritability (h 2 ), genotypic coefficient of variation (GCV) and genotypic and environmental coefficient of variation ratio (GCV/ECV) were calculated.
Pearson's coefficient correlation was used to establish relationships among the measured characteristics, while principal component analysis was performed to identify cold tolerance relationship among genotypes. Analyses were carried out using SAS (SAS Institute, Cary, NC, USA) and Genes (Cruz 2006) .
Results
Trait variation associated to cold tolerance
The investigated genotypes exhibit variation for cold tolerance at the germination stage. Variance analysis detected a significant difference for all evaluated parameters at 13°C and at 28°C, as well as for traits determined by comparisons between cold and control treatments ( Table 2 ). The partition of genotypes in accessions and controls identified significant differences among accessions for all evaluated traits. The significant differences among the controls were detected for two investigated characters (RL13 and RRL). Mean contrast between accessions and control genotypes detected significant differences between the groups for RCL and RRL due to the application of cold stress, CL and RL at 13°C and CL at 28°C. The control genotypes exhibited higher values of CL and RL and lower values of RCL and RR. The minimum and maximum values for coleoptile and radicle length were observed for different genotypes at temperatures of 13°C and 28°C (Figs. 1, 2) . At 28°C, accession Kyuushuu showed the highest value for coleoptiles and Oiran showed the highest value for radicle length, whereas accessions Toga and Esojima Mochi showed the lowest values. At 13°C, the highest values for both traits were observed for the control genotype QUILLA 66304. Among the accessions, the highest value for CL13 was observed for Toga 1, whereas Sangoku displayed the highest value for RL13. The lowest values for both CL13 and RL13 were observed for accession Chousen.
The control genotype CT 6748-8CA-17P showed the lowest value for RRL, while accession Col/Ooita/1964 exhibited the lowest value for RCL. The highest values for both traits were observed for accession Chousen (Fig. 3) .
Genotypes were divided by Scott-Knott analysis into two groups for coleoptile length evaluated under cold treatment and into four groups under optimal temperature (Fig. 1) whereas for radicle length they were divided into two groups under both cold treatment and optimal temperature (Fig. 2) . When comparing the coleoptile and radicle lengths of the seedlings germinated under 13°C and 28°C by percentage of reduction of coleoptile and radicle length due to cold, genotypes also were divided into two groups ( 
Genetic parameters estimates
Estimates of phenotypic variance (σ p 2 ), environmental variance (σ e 2 ), genotypic variance (σ g 2 ), broad sense heritability (h 2 ), genotypic coefficient of variation (GCV) and genotypic and environmental coefficient of variation ratio (GCV/ECV) are presented in Table 3 . GCV was higher for RL13°C and lower for RRL. GCV/ECV ratio was higher for the traits evaluated under the control conditions than for those evaluated under cold treatment.
Heritability ranged from 37.43% for RL13 to 81.39% for CL28. Although the heritability was high for coleoptile length at 28°C, for coleoptile length at 13°C its value was intermediate (47.63%). For radicle length, the heritability value at 13°C was also lower than at 28°C. Among the traits evaluated under cold treatment and in comparison between cold and control conditions, RCL showed the highest heritability.
Correlation coefficient among investigated traits
The traits evaluated under cold stress showed significant correlation with those evaluated by comparisons between cold and optimal temperature (Table 4) . Coleoptile length exhibited significant correlation with radicle length at both temperatures 13°C and 28°C, but the correlation value for temperature at 13°C was higher than at 28°C.
Correlation between coleoptile length and radicle length at 13°C and their respective measures at 28°C were low. RCL and RRL were highly correlated and highly negatively correlated to CL and RL at 13°C. RCL showed significant correlation with CL28 and RL28, while RRL was significantly correlated only with RL28.
Principal component analysis
Principal component analysis of four traits associated to the genotypes performance under low temperature revealed that the first three principal components (PCs) accounted for 97.8% of the total cold tolerance variation (Table 5) . Approximately 83% of the total variation was explained by the first principal component, which was a contrast between the evaluated traits under 13°C (CL13 and RL13) and the features obtained by comparing the genotypes performance Table 3 . Estimates of phenotypic variance (σ p 2 ), environmental variance (σ e 2 ), genotypic variance (σ g 2 ), broad sense heritability (h 2 ), genotypic coefficient of variation (GCV) and genotypic and environmental coefficient of variation ratio (GCV/ECV) Table 4 . Correlation coefficients between the following traits: percentage of reduction in coleoptile length (RCL), percentage of reduction in radicle length (RRL), coleoptile length under cold stress (CL13), radicle length under cold stress (RL13), coleoptile length under optimal temperature (CL28) and radicle length under optimal temperature (RL28) evaluated in 195 rice genotypes under cold and optimal temperature (RCL and RRL).
Using the genotypes scores of the first principal component (PC1), the contrast enabled the identification and selection of accessions with higher values of CL13 and RL13 and also lower values of RCL and RRL. Genotypes showing high means for RCL and RRL and low for CL13 and RL13, received higher scores for PC1 and are cold intolerant. In contrast, genotypes presenting low means for RCL and RRL and high for CL and RL, received lower scores for PC1 and are cold tolerant. As demonstrated in Fig. 4 , some accessions had scores close to those found for the cold-tolerant controls. A total of 50 accessions presented intermediate scores, between the control genotypes QUILLA 66304 and L201; QUILLA 66304 showed the lowest score among all genotypes evaluated, while L 201 displayed the highest score among controls. The variance accounted to PC2 was explained mainly by RCL, whereas CL under cold stress had the highest eigenvector to PC3.
Discussion
Low temperatures at the initial stages of rice development prevent fast germination and seedling establishment, essential conditions for homogeneous vegetative growth and uniform maturity. The use of cold tolerant cultivars is considered the best option to avoid losses caused by low temperatures. The first step to obtain cold tolerant cultivars is to identify sources of tolerance in germplasm banks (Miura et al. 2001) . Among the Japanese accessions studied, genetic variation for traits related to germination under low temperatures was observed (Table 2 ) and accessions exhibiting adequate performance for all investigated traits were identified (Fig. 4) . The performance of the identified coldtolerant accessions is similar to those of known cold-tolerant genotypes, indicating their potential to be used in breeding programs as source of cold tolerance at the germination stage.
Control genotypes showed higher means than the tested accessions for CL13 (Fig. 1) and RL13 (Fig. 2) , and lower values for RCL and RRL (Fig. 3) , but 18 accessions exhibited RCL values lower than those from the control genotypes used. Although all controls demonstrated better performances than accessions for CL13, those 18 accessions showed better performance for RCL due to the confusing effects of low temperature and seedling vigour. In fact, evaluating germination under more than one temperature condition is essential to clearly distinguish cold tolerance from vigourassociated traits (Massardo et al. 2000) . In the evaluation of cold tolerance at the germination stage in rice, a comparison of the genotypes performance under cold stress and optimal temperature was proposed. The percentage of coleoptile length reduction due to low temperatures was the characteristic enabling the precise identification of genotypes previously known as cold tolerant or susceptible (Cruz and Milach 2004 ). In the current study, the reduction in coleoptile length due to cold stress was evaluated, and our results have demonstrated a high negative correlation to CL13 (Table 4 ), indicating that genotypes with increased growth at 13°C are able to sustain normal growth under cold stress. However, due to the presence of vigour differences among genotypes, plant performance at 13°C is not exclusively dependent on the genotype cold tolerance. For this reason, some authors agree that it is important to evaluate performance under more than one temperature, enabling the separation of vigour from cold tolerance effects (Cruz and Milach 2004, Massardo et al. 2000) .
The correlation between coleoptile length under low and optimal temperatures was low, indicating that there is a differential performance of the genotypes under different temperatures.
The heritability of the traits evaluated under cold conditions was lower than that found for the same traits under optimal temperature (Table 3 ). The observed lower heritability can be explained by the polygenic control of the responses under low temperature at the germination stage, as suggested by inheritance studies of cold tolerance , Sharifi 2008 , Sthapit and Witcombe 1998 , and as supported by studies involving QTL analysis for low temperature germinability (Fujino et al. 2004 , Miura et al. 2001 and cold tolerance at the early growth stages (Baruah et al. 2009 , Zhang et al. 2005 . GCV/ECV ratio demonstrated a favorable situation for selection (values higher than 1) exclusively for CL at 28°C, providing further evidences of the difficulties involved in the selection of cold-tolerance traits under low temperatures. Among the traits measured to detect the genotypes performance under cold, the highest values for GCV/ECV ratio and heritability were observed for RCL, indicating that it is the most reliable trait to identify cold tolerance at the germination stage for rice genotypes, among the characteristics evaluated. Cruz and Milach (2004) observed that reduction in coleptile length due to the cold also permits the precise identification of tolerant and susceptible genotypes.
Under field conditions, the genotypes good performance under low temperatures is dependent on cold tolerance and high vigour, which enable fast and homogeneous seedling establishment. As RCL was a trait that allowed the identification of cold tolerant genotypes (Cruz and Milach 2004) and varietal differences for coleoptile length are correlated with seedling establishment under low temperature (Miura et al. 2004, Ogiwara and Terashima 2001) , we have analyzed the genotypes performance using principal component analysis as a multivariate approach to study cold tolerance of Japanese rice accessions.
Principal component analysis enabled us to summarize the information obtained for the four traits related to cold tolerance in one principal component (Table 5 ). PC1 allowed the identification of the genotypes displaying cold tolerance by smaller reductions in coleoptile and radicle lenght in the presence of cold and high vigour, by higher coleoptile and radicle growth under cold.
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